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[57] ABSTRACT

A silicon carbide light emitting diode having a pn junc-
tion 1s disclosed which comprises a semiconductor sub-
strate, a first silicon carbide single-crystal layer of one
conductivity formed on the substrate, and a second
silicon carbide single-crystal layer of the opposite con-
ductivity formed on the first silicon carbide layer, the
first and second silicon carbide layers constituting the
pn junction, wherein at least one of the first and second
silicon carbide layers contains a tetravalent transition
element as a luminescent center.

3 Claims, 2 Drawing Sheets
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SILICON CARBIDE LIGHT EMITTING DIODE
HAVING A PN JUNCTION

BACKGROUND OF THE INVENTION

1. Field of the invention

This mvention relates to a silicon carbide light emit-
ting diode having a pn junction, and more particularly,
it relates to a silicon carbide light emitting diode having
a pn junction, which can emit visible light of a shorter

wavelength corresponding to a color in the range of

from green to purple.
2. Description of the prior art
Since light emitting diodes are a small luminescent

source which dissipate a significantly little amount of

power, and can provide a stable light emission of high
brightness, they are widely used as a display element in
a variety of display units. They are also used as a light
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source for reading information records in a vanety of 20

information processing units. Although light emitting
diodes capable of emitting light of a color in the range
of from red to green have been put to practical use, light
emitting diodes capable of emitting visible light of a
shorter wavelength corresponding to a color in the
range of from blue to purple have not yet attained a
performance sufficient for practical use.

The color of light emitted from a light emitting diode
depends on the semiconductor material used therefor.
Semiconductor materials which can be used for blue
light emitting diodes are limited to silicon carbide (SiC)
- which 1s a IV-IV group compound semiconductor,
galllum nitride (GaN) which is a III-V group com-
pound semiconductor, and zinc sulphide (ZnS) or zinc
selenide (ZnSe) which are II-VI group compound
semiconductors. With these semiconductor materials,
extensive research and development for blue light emit-
ting diodes has been made, but mass production of blue
light emitting diodes with a brightness and stability
sufficient for practical use has not yet been realized.

For the structure of light emitting diodes, a pn junc-
tion structure is most suited because electrons and holes
as carriers can be injected in a light emitting region with

high efficiency. However, among the above-mentioned

semiconductor materials for blue light emitting diodes,
each of the GaN, ZnS, and ZnSe semiconductors can-
not be used for pn junction light emitting diodes since it
1s difficult to obtain p-type crystals, or, even if these
crystals are obtained, they have high resistance and are
very unstable. Therefore, a metal-insulating layer-semi-
conductor (MIS) structure using a thin insulating layer
has been employed instead of a pn junction structure.
Light emitting diodes with such an MIS structure have
the disadvantages of having uneven device characteris-
tics and of providing unstable light emission.

On the other hand, silicon carbide can be used for pn
junction light emitting diodes since both p-type crystals
and n-type crystals can readily be obtained. Moreover,
they have the advantage that a growth method suitable
for mass production, such as a liquid epitaxial growth
(LPE) method, chemical vapor deposition (CVD)
method, or the like, can be used in producing such a pn
junction light emitting diode. Many reports have al-
ready been made on silicon carbide blue light emitting
diodes with aluminum (Al) used as a luminescent center
(see, e.g., M. Ikeda, T. Hayakawa, S. Yamagiwa, H.
Matsunami, and T. Tanaka, Journal of Applied Physics,
Vol. 50, No. 12, pp. 8215-8225, 1979; L. Hoffmann, G.

25

30

35

45

20

35

65

2
Ziegler, D. Theis, and C. Weyrich,
10, pp. 6962-6967, 1982).

FI1G. 3 shows a conventional silicon carbide light
emitting diode having a pn junction. The silicon carbide
light emitting diode has a structure in which a n-type
S1C single-crystal thin layer 7 and a p-type SiC single-
crystal thin layer 8, both of which constitute the pn
junction, are successively formed on an n-type SiC
single-crystal substrate 1. Moreover, an ohmic elec-
trode 9 for n-type SiC and an ohmic electrode 10 for
p-type SiC are formed on the n-type SiC single-crystal
substrate 1 and the p-type SiC single-crystal thin layer
8, respectively. In this light emitting diode, nitrogen (N)
donors are used as dopants for generating carriers in the
n-type SiC single-crystal thin layer 7, and aluminum
(Al) acceptors are used as dopants for generating carri-
ers in the p-type SiC single-crystal thin layer 8. As the
dopants for generating carriers, gallium (Ga) acceptors
or boron (B) acceptors may also be used. The n-type
S1C single-crystal thin layer 7 contains Al as a lumines-
cent center for the blue color.

Such a pn junction light emitting diode further con-
tains an appropriate amount of Al acceptors in the n-
type S1C single-crystal layer 7, and utilizes light emis-
sion by the radiative recombination between electrons
trapped by the N donors and holes trapped by the Al
acceptors, or by the radiative recombination between
electrons in the conduction band and holes trapped by
the Al acceptors, in the region of the n-type layer in the
vicinity of the pn junction. That is, the Al acceptors are
used both as the dopants for generating hole carriers
and as the luminescent center. For this reason, it is not
possible to control either a carrier concentration or a
luminescent process in the p-type layer and the n-type
layer independently of each other, thereby making it
difficult to improve luminous efficiency. Moreover,
electrons or holes cannot be sufficiently trapped by the
N donors and the Al acceptors since the energy levels
of the N donors and the Al acceptors are not fully away
from the conduction band and the valence band, respec-
tively. Therefore, the conventional silicon carbide light
emitting diode has the disadvantage in that high lumi-
nous efficiency cannot be obtained.

SUMMARY OF THE INVENTION

The silicon carbide light emitting diode having a pn
junction of this invention, which overcomes the above-
discussed and numerous other disadvantages and defi-
ciencies of the prior art, comprises a2 semiconductor
substrate, a first silicon carbide single-crystal layer of
one conductivity formed on said substrate, and a second
silicon carbide single-crystal layer of the opposite con-
ductivity formed on said first silicon carbide layer, said
first and second silicon carbide layers constituting the
pn junction, wherein at least one of said first and second
silicon carbide layers contains a tetravalent transition
element as a luminescent center.

In a preferred embodiment, the tetravalent transition
element i1s at least one selected from the group consist-
ing of titamium (T1), zirconium (Zr), and hafnium (Hf).

In a preferred embodiment, the amount of said tetra-
valent transition element is in the range of 1Xx 1015 to
1 X 101%m—3.

Thus, the invention described herein makes possible
the objectives of (1) providing a silicon carbide light
emitting diode having a pn junction, in which silicon
carbide single-crystal layers constituting the pn junction
contains a tetravalent transition element, so that visible
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light emission of a shorter wavelength corresponding to
a color 1n the range of green to purple can be obtained
with high luminous efficiency and high stability; (2)
providing a silicon carbide light emitting diode having a
pn junction, which allows a multicolor display in a
variety of display devices, as well as a faster and higher-

density reading of information records in a variety of

information processing units with light emitting diodes
used as a light source; and (3) providing a silicon car-
bide light emitting diode having a pn junction, which
can readily be mass-produced because of its conven-
tional growth method for silicon carbide single crystals,
so that various application fields of light emitting diodes
are expanded rapidly.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention may be better understood and its nu-
merous objects and advantages will become apparent to
those skilled in the art by reference to the accompany-
ing drawings as follows:

FIG. 11s a schematic sectional view showing a silicon
carbide light emitting diode having a pn junction of this
invention.

FIG. 2 is a schematic sectional view showing another
silicon carbide light emitting diode having a pn junction
of this invention.

FIG. 3 1s a schematic sectional view showing a con-
ventional silicon carbide light emitting diode having a
pn junction.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The silicon carbide light emitting diode having a pn
junction of this invention contains a luminescent center
for controlling the luminescent process in addition to
acceptors and donors for controlling the carrier con-
centration of the p-type layer and the n-type layer,
respectively. These luminescent centers must not gener-
ate carriers which can affect the carrier concentration,
and must have energy levels in which electrons or holes
can be sufficiently trapped.

As a luminescent center which can be used in this
invention, there can be mentioned a tetravalent transi-
tion element such as titanium (T1), zirconium (Zr), and
hafntum (Hf). A combination of these transition ele-
ments can also be used. The amount of these transition
elements added is typically in the range of 11015 to
1 1012 cm~3. The transition elements to be introduced
as a luminescent center are added to at least one of the
p-type layer and the n-type layer. These transition ele-
ments may be added to the entire region of the p-type
layer and/or the n-type layer. Alternatively, these ele-
ments may be added to a partial region of the p-type
layer and/or the n-type layer.

When introduced in an SiC crystal, the above-men-
tioned transition elements occupy lattice points of Si
because of their atomic size. Since these transition ele-
ments exhibit a tetravalence similarly to Si and C, they
can be bonded covalently to the surrounding carbon
atoms without excess or deficiency of valence electrons.
Therefore, there is no generation of carriers which can
affect the carrier concentration or conductivity.

Since these transition elements have a d shell which is
not completely filled with electrons, bonded covalently
to the surrounding carbon atoms in a silicon carbide
single crystal, they have energy levels in which elec-
trons can be effectively trapped. When electrons are
trapped in such energy levels, holes are then trapped by
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the Coulomb attraction of the electrons. The electrons
and holes thus trapped perform radiative recombina-
tion. When any of the above-mentioned luminescent
centers 1s used, the wavelength of light generated by the
radiative recombination corresponds to visible light of a
color in the range of from green to purple.

The silicon carbide light emitting diode having a pn
junction of this invention has improved luminous effi-
ciency. Light emission in high brightness is made possi-
ble by the introduction of a luminescent center capable
of controlling the luminescent process independently of
controlling the carrier concentration in the p-type layer
and the n-type layer. Moreover, because the above-
mentioned transition elements are used as the lumines-
cent center, the color of emitted light in the range of
from blue to purple can be obtained which has been
difficult to achieve in practice so far.

The present invention will be further explained by
reference to the following examples.

EXAMPLE 1

FIG. 1 shows a silicon carbide light emitting diode
having a pn-junction of this invention. The light emit-
ting diode has a structure in which an N-doped n-type
SiC single-crystal thin layer 3 and an Al-doped p-type
S1C single-crystal thin layer 4, both of which constitute
the pn junction, were successively formed on an N-
doped n-type SiC single-crystal substrate 1. As a lumi-
nescent center, titanium (Ti) was added to both the
n-type SiC single-crystal thin layer 3 and the p-type SiC
single-crystal thin layer 4. For a method of forming the
n-type SiC single-crystal thin layer 3 and the p-type SiC
single-crystal thin layer 4, a liquid epitaxial growth
(LPE) method was employed which has been com-
monly used to grow silicon carbide crystals. The LPE
method 1s disclosed in, for example, M. Ikeda, T.
Hayakawa, S. Yamagiwa, H. Matsunami, and T. Ta-
naka, Journal of Applied Physics, Vol. 50, No. 12, pp.
8215-8225 (1979).

First, the n-type SiC single-crystal thin layer 3 was
grown on the n-type SiC single-crystal substrate 1 with
the use of molten silicon containing an impurity of ni-
trogen. The thickness of the n-type SiC single-crystal
thin layer 3 was 5 um, and its carrier concentration was
about 1X 1018cm—3. Then, the p-type SiC single-crystal
thin layer 4 was grown on the n-type SiC single-crystal
thin layer 3 with the use of molten silicon containing an
impurity of aluminum. The thickness of the p-type SiC
single-crystal thin layer 4 was 4 um, and its carrier
concentration was about 1X 1018 cm—3. When growing
the above SiC single-crystal thin layers, Ti was con-
tained as the luminescent center in both the n-type SiC
single-crystal thin layer 3 and the p-type SiC single-
crystal thin layer 4 by the addition of metal titanium to
the molten silicon.

Finally, an ohmic electrode 9 for n-type SiC was
formed with nickel on the bottom surface of the n-type
S1C single-crystal substrate I, and an ohmic electrode 10
for p-type SiC was formed with an Al-Si alloy on the
upper surface of the p-type SiC single-crystal thin layer
4, resulting in a light emitting diode as shown in FIG. 1.

The silicon carbide light emitting diode obtained
above emitted light mainly from the upper surface of
the p-type SiC single-crystal thin layer 4, as shown in
FI1G. 1, by the application of a forward bias voltage.
Under the operation conditions of 3.5 V and 20 mA, an
intense bluish-purple light emission was obtained, the
wavelength of the light emission peak being in the vicin-
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ity of 430 nm. Even when Ti was added as the lumines-
cent center, the n-type SiC single-crystal thin layer 3
and the p-type SiC single-crystal thin layer 4 did not
change in their electric characteristics. When the
amount of titanium added to these SiC single-crystal
thin layers was in the range of 1 X 1015t0 1 X 1019 cm—3,

light emission was observed. When the amount of tita-

nium added exceeds 1X 10!? cm—3, the degree of crys-
tallization of the SiC thin layers was decreased, so that
light emission was not observed. The silicon carbide
light emiiting diode of this example had the maximum
lummous efficiency of 0.5%, indicating that luminous
efficiency of the silicon carbide light emitting diode of
this example was improved by a factor of 10 or more in
comparison with conventional blue light emitting di-
odes.

EXAMPLE 2

FIG. 2 shows another silicon carbide light emitting
diode having a pn junction of this invention. The light
emitting diode has a structure in which an N-doped
n-type SiC single-crystal thin layer 5 and an Al-doped
p-type SIC single-crystal thin layer 6, both of which
constitute the pn junction, were successively formed on
an undoped high-resistive SiC single-crystal substrate 2.
As a luminescent center, zirconium (Zr) was added to
both the n-type SiC single-crystal thin layer 5 and the
p-type SiC single-crystal thin layer 6. For a method of
forming the n-type SiC single-crystal thin layer 5 and
the p-type SiC single-crystal thin layer 6, a chemical
vapor deposition (CVD) method was employed which
has been commonly used to grow silicon carbide crys-
tals. The CVD method is disclosed in, for example, S.
Nishino, H. Suhara, H. Ono, and H. Matsunami, Journal
of Applied Physics, Vol. 61, No. 10, pp. 4889-4893
(1987). As a material gas for growing silicon carbide
single-crystals, a monosilane (SiHg) gas and a propane
(C3HS8) gas were used. As a substrate, an undoped high-
resistive S1C single-crystal substrate was used.

First, the n-type SiC single-crystal thin layer 5 was
grown on the undoped high-resistive SiC single-crystal
substrate 2 by the addition of a nitrogen (N3) gas for
doping to the above-mentioned material gases. The
n-type Si1C single-crystal thin layer 5 had a thickness of
about 5 um, and its carrier concentration was about
1 X 1018 cm—3. Then, the p-type SiC single-crystal thin
layer 6 was grown on the n-type SiC single-crystal thin
layer 5 by the use of a trimethyl aluminum (TMA) gas
for Al doping instead of an N3 gas. The p-type SiC
single-crystal thin layer 6 had a thickness of about 4 um,
and its carrier concentration was about 1X 1018cm—3.
When growing the above SiC single-crystal thin layers,
Zr was contained as the luminescent center in both the
n-type S1C single-crystal thin layer § and the p-type SiC
single-crystal thin layer 6, by disposing metal zirconium
In a reaction tube and heating it.

Finally, a part of the p-type SiC single-crystal thin
layer 6 was removed by dry etching. On the n-type SiC
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single-crystal thin layer 5, an ohmic electrode 9 for
n-type S1C was formed with nickel. On the p-type SiC
single-crystal thin layer 6, an ohmic electrode 10 for
p-type SiC was formed with an Al-Si alloy, resulting in
a light emitting diode as shown in FIG. 2.

The silicon carbide light emitting diode obtained
above emitted light mainly from the lower surface of
the undoped high-resistive SiC single-crystal thin layer
2, as shown in FIG. 2, by the application of a forward

bias voltage. In the light emitting diode of this example,
light emission can be obtained from the substrate side,

since a transparent undoped SiC single-crystal was used
as the substrate. Under the operation conditions of 3.5V
and 20 mA, an intense blue light emission was obtained,
the wavelength of the light emission peak being in the
vicinity of 460 nm. When the amount of zirconium
added to the above-mentioned SiC single-crystal thin
layers was in the range of 1 X 1013to 1 X 101%cm—3, light
emission was observed. The silicon carbide light emit-
ting diode of this example had a maximum luminous
efficiency of 0.7%, indicating that the luminous effi-
citency of the silicon carbide light emitting diode of this
example was improved by a factor of 10 or more in
comparison with conventional blue light emitting di-
odes.

It 1s understood that various other modifications will
be apparent to and can be readily made by those skilled
in the art without departing from the scope and spirit of
this invention. Accordingly, it is not intended that the
scope of the claims appended hereto be limited to the
description as set forth herein, but rather that the claims
be construed as encompassing all the features of patent-
able novelty that reside in the present invention, includ-
ing all features that would be treated as equivalents
thereof by those skilled in the art to which this inven-
tion pertains.

What is claimed is:

1. A silicon carbide light emitting diode having a pn

40 Jjunction, comprising a semiconductor substrate, a first
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silicon carbide single-crystal layer of one conductivity
formed on said substrate, and a second silicon carbide
single-crystal layer of the opposite conductivity formed
on said first silicon carbide layer, said first and second
silicon carbide layers constituting the pn junction,
wherein at least one of said first and second silicon
carbide layers contains a tetravalent transition element
as a luminescent center.

2. A silicon carbide light emitting diode having a pn
junction according to claim 1, wherein said tetravalent
transition element is at least one selected from the group
consisting of titanium (T1), zirconium (Zr), and hafnium
(Hf).

3. A silicon carbide light emitting diode having a pn
junction according to claim 1, wherein the amount of
said tetravalent transition element is in the range of
11015 to 1 x 1019 cm—3. |
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